Interbed multiple reflections contain valuable information about the subsurface reflectivity distribution that can complement information obtained from primary reflections and free-surface multiples. In this report two methods are developed and used to migrate interbed multiples. The first method applies Fermat's principle to find the specular reflection point along the interbed multiple generating interface; the second method sums all the diffractions bouncing off the multiple generating interface. The first method is more computationally efficient, while the second method utilizes the full Fresnel zone along the interbed multiple generating interface.
Introduction
Free-surface multiple reflections 1 (e.g., see Figure 1 ) have been migrated and some positive results have been achieved . One challenge with surface multiple migration is that the raypath of multiple reflections is usually long, and the energy loss due to geometrical spreading and attenuation is severe. For example, in the case of subsalt imaging, free-surface multiples need to pass through the salt body three times (e.g., see Figure 1 ) and the energy becomes weak; thus the ability of the surface multiple to illuminate below salt is diminished. To partly remedy this problem, we might consider employing interbed multiple reflections bouncing off the lower salt boundary (Figure 2c ), which only need to pass through the salt body once, and the raypath is shorter than that of free-surface multiples (Figure 1 ).
In the case of subsalt imaging, the lower-salt-boundary interbed multiple reflection ( Figure 2c ) also suffers from less attenuation than the surface seismic (CDP) primary reflections, because the lower-salt-boundary interbed multiple reflection only needs to travel through the salt body once, while the surface seismic (CDP) primary reflection has to pass through the salt body twice.
A second example where the interbed multiple could be imaged is shown in Figure 2b , where the upper salt boundary acts as an interbed multiple generating interface, and the structures below it can be imaged, including the lower salt boundary. Figure 2a shows another example, where a deep water layer attenuates the surface multiple energy and the interbed multiple bouncing off the sea bed can be used to image reflectivity distributions below the sea bed.
Compared with primary reflections, the interbed multiple is the free surface and B 1 is the interbed multiple generating interface; The symbols s and g denote a source and a receiver, respectively; xo is the subsurface specular reflection point, and g o is the specular reflection point on the multiple generating interface corresponding to x o . Here x is the trial image point, and g o is the specular reflection point corresponding to x. When x → x o we will have g o → go. g is a point on the multiple generating interface.
reflections might not be able to provide a wider coverage, but the interbed multiples provide extra fold for the reflector image, and also provide information about the subsurface structures with a diversity of reflection incidence angles. Also, interbed multiples are able to image structures above receivers (Figure 2 ), which can not be illuminated by primary reflections.
Interbed Multiple Imaging with Fermat's Principle
Assume that an interbed multiple reflection ( Figure 3 ) is recorded in the well and expressed as:
where d(s, g) represents a trace for a source at s and a receiver in the well at g;τ sxo is the natural traveltime for energy to propagate from the surface source to a specular point x o at a subsurface reflector;τ x o g o is the natural time for energy to propagate from x o to the specular reflection point go at the interbed multiple generating interface B 1 ;τ gog is the natural time energy takes to propagate back down to the VSP geophone at g from the specular reflection point at g 0 . W (ω) is the spectrum of the source wavelet, geometrical spreading is ignored, and
The imaging formula in the frequency domain for the VSP interbed multiple reflection is
where τ sx is the time for energy to propagate from the surface source to the trial image point at x; τ xg 0 is the time for energy to propagate from the trial image point at x to the specular reflection point g 0 at the interbed multiple generating interface B 1 ; and τ g 0 g is the time energy takes to propagate back down to the VSP geophone at g from the specular reflection point at g 0 . A ray is specular in the sense that the xg 0 g portion of the ray honors Snell's law everywhere in the medium, including the bounce point g 0 at the interbed multiple generating interface. The times τsx, τ xg 0 and τ g 0 g are computed by a raytracing method using an assumed velocity model.
A simple application of Fermat's principle will determine the specular τ xg 0 + τ g 0 g time:
where g ranges over all the positions on the interbed multiple generating interface B1, and each specular reflection point location g 0 depends on the trial image point x for fixed source s and receiver g positions (Figure 3 ). If there is more than one local minima then multi-arrival Kirchhoff migration should be used. The merit of this Fermat minimization approach is that it is simple and inexpensive to implement.
Interbed Multiple Imaging by Summation
Another way to image the interbed multiple (Figure 3) is by summation over g :
where g is a diffraction point along the interbed multiple generating interface B 1 ; τ sx is the time for energy to propagate from the surface source to the trial image point at x; τ xg is the time for energy to propagate from the trial image point at x to the diffraction point g at the interbed multiple generating interface B 1 ; and τ g g is the time energy takes to propagate back down to the VSP geophone at g from the diffraction point at g . The times τ sx , τ xg 0 and τ g 0 g are computed by a raytracing method using an assumed velocity model. Compared with equation 2, equation 4 can automatically handle multi-arrival events, while equation 2 is more computationally efficient.
This method is similar to interferometric imaging of multiples . But 
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Synthetic Data Test
This VSP data set is simulated by computing a finitedifference approximation to the solution of the 2-D acoustic wave equation. The horizontal length of the model is 3000 meters and the vertical height is 2000 meters (Figure 4) ; 301 sources are evenly deployed along the free surface with a spacing of 10 meters. One vertical well is located at the left boundary of the model. There are 61 receivers deployed in the well with an even spacing of 10 meters, and the depth of the first receiver is 1000 meters and that of the deepest receiver is 1600 meters. Figure 4 shows the velocity model for the synthetic data set and the raypaths associated with the upper-saltboundary interbed multiple. A zoom view of the boxed area in Figure 4 is shown in Figure 5a , and the corresponding interbed multiple migration image is shown in Figure 5b . From the figures it can be seen that well-side part of the lower salt boundary is imaged. Due to the source-receiver geometry, the part of the lower salt boundary which is farther away from the well is not imaged. It can also be seen that the reflectors below the salt body are imaged. But we also notice that there are some interferences from other events in the migration image. These events include surface multiple reflections, high-order interbed multiples, interbed multiples from other multiple generating interfaces, etc.
Field Data Test
A 3-D VSP marine data set was donated by a major oil company. This data set was recorded using 12 receivers. Data along one radial line of shots is used in this test. Figure 6 shows the velocity model used. Figure 6 shows the velocity model for the field data set and the raypaths associated with the sea-bed interbed multiple. A zoom view of the boxed area in Figure 6 is shown in Figure 7a , and the corresponding interbed multiple migration image is shown in Figure 7b . It can be seen that the upper salt boundary is imaged with interbed multiples. It is noticed that the well-side part of the lower salt boundary is imaged, while the part of the lower salt boundary which is farther away from the well is not resolved due to the limited source-receiver geometry. This phenomena is very similar to the results obtained The migration image with sea-bed interbed multiple reflections. For raypaths please refer to Figure 6 .
with upper-salt-boundary interbed multiples in the synthetic test ( Figure 5 ).
Conclusions
Interbed multiples are employed to illuminate subsurface structures. A synthetic test shows that interbed multiples from the upper salt boundary (Figure 4 ) is able to illuminate structures below it, such as the lower salt boundary and subsalt reflectors ( Figure 5 ). But it is noticed that the fault in the model is not imaged with the upper-saltboundary interbed multiple. One possible reason might be that the upper-salt-boundary interbed multiple needs to pass through the salt body three times and suffers severe energy loss. Our test shows that the lower salt boundary interbed multiple is able to image the fault in this model (the result is not shown here), because the lower-salt-boundary interbed multiple only needs to pass through the salt body once and the enery loss is not as severe as the upper-salt-boundary interbed multiple. A field data test shows that interbed multiples from the sea bed ( Figure 6 ) are able to illuminate salt boundaries (Figure 7) . The upper salt boundary is imaged with sea-bed interbed multiples. Due to limited source-receiver geometry, only part of the lower salt boundary is imaged.
A challenge with interbed multiple imaging is that interbed multiples are usually weak. Thus strong multiple generating interfaces, such as sea bed or salt boundaries, are needed to apply this strategy. This statement is supported by both the synthetic and field data tests which show weak reflection images -some of which are difficult to interpret unambiguously. Another challenge is the accuracy of the location of the interbed multiple generating interface, such as salt boundaries, which will affect the accuracy of the interbed multiple migration images. This can be both a curse and a blessing. For example, when the lower-salt-boundary interbed multiple reflection is employed for sub-salt imaging, we might analyze the focusing strength of the sub-salt events to help determine the location of the lower salt boundary.
